Abstract. Current approaches for electric power generation from nanoscale conducting or semi-conducting layers in contact with moving aqueous droplets are promising as they show efficiencies of around 30 percent, yet, even the most successful ones pose challenges regarding fabrication and scaling. Here, we report stable, all-inorganic single-element structures synthesized in a single step that generate electrical current when alternating salinity gradients flow along its surface in a liquid flow cell. 10 nm to 30 nm thin nanolayers of iron, vanadium, or nickel produce several tens of mV and several microA cm -2 at aqueous flow velocities of just a few cm s -1 . The principle of operation is strongly sensitive to charge-carrier motion in the thermal oxide nano-overlayer that forms spontaneously in air and then self terminates. Indeed, experiments suggest a role for intra-oxide electron transfer for Fe, V, and Ni nanolayers, as their thermal oxides contain several metal oxidation states, whereas controls using Al or Cr nanolayers, which self-terminate with oxides that are redox inactive under the experimental conditions, exhibit dramatically diminished performance. The nanolayers are shown to generate electrical current in various modes of application with moving liquids, including sliding liquid droplets, salinity gradients in a flowing liquid, and in the oscillatory motion of a liquid without a salinity gradient.
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Significance Statement
This work reports kinetic:electrical energy transduction using nanolayers formed in a single-step from earth-abundant elements. The method utilizes large-area physical vapor deposition onto rigid or flexible substrates that can be readily scaled to arbitrarily large areas. In addition to flowing aqueous droplets across the nanolayers, current is shown to be created either with linear flow of salinity gradients or with oscillatory flow of a constant salinity. The operational requirement of having to move a dynamically changing electrical double layer (a "gate") across the nanostructure identified in prior approaches is confirmed for the new structures and augmented by a need for electron transfer within the thermal oxide nano-overlayers terminating the metals. The simplicity of the approach allows for rapid implementation.
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\body Main Text. Previous methods for kinetic/gravitational to electrical energy conversion have used conducting or semi-conducting layered materials in contact with moving aqueous droplets or brushes. The most successful approaches, based on carbon nanotubes (1, 2), graphene (3) (4) (5) (6) , and dielectric-semiconductor architectures (7, 8) , are promising as they show efficiencies of around 30 percent (7) . Here, we achieve similar currents and voltages at modest flow velocities by replacing multistep fabrication (e.g. exfoliation, atomic layer deposition, chemical vapor deposition) with a single-step synthesis that is readily scaled to arbitrarily large areas. Nanolayers prepared from Fe and Ni produce several microA cm -2 , while Al and Cr nanolayers produce ten times smaller current densities, pointing to electron transfer within the thermal oxide nanooverlayers terminating the metals as an operational requirement that augments mere contact electrification on the devices by over an order of magnitude.
We prepare high-purity, all-inorganic single-element nanolayers by physical vapor deposition (PVD) of a standard-purity inexpensive metal (Fe, Ni, V, Al, Cr) onto solid or flexible substrates (glass, plastics, polymers) and then passivating the metal nanolayer in ambient air to form its own thermal oxide nano-overlayer. As is shown below, current is generated when moving aqueous droplets across the nanolayers.
Moreover, use of a liquid flow cell overcomes the performance limitations inherent to aqueous droplets due to drop size (surface tension of water) and drop speed (terminal velocity on earth) and produces electrical currents when flowing aqueous solutions of alternating salinity across the device, or when running the device at constant salinity but alternating flow direction.
In the experiments, we form single-and dual-element nanolayers from low-cost 99.95% purity iron, 99.98% Ni, 99.7% V, 99.9995% aluminum, and 99.994% chromium sources. X-ray photoelectron spectroscopy (XPS) reveals a lack of common low-boiling point contaminants like calcium, magnesium, sodium, or zinc in the iron nanolayers and shows the presence of an ~3 nm thin oxidized iron nano-overlayer (9). Grazing incidence angle X-Ray diffraction experiments indicate the presence of crystalline Fe 0 with low index faces exposed but no crystallinity of the iron oxide overlayer (9) . Control experiments show that this nano-overlayer forms spontaneously when the iron nanolayer is exposed to air and remains stable over prolonged (years) periods of time.
Raman and XPS spectroscopy of the iron nanolayers indicate that the oxide nanooverlayer is composed of some Fe (III), Fe3O4, and other forms of iron oxide (9) . Given nm-scale spatial variation of the oxide nano-overlayer thickness revealed by atom probe tomography (APT) reconstruction (10) described in more detail below, we expect corresponding heterogeneities in the electrostatic potentials -and charge distributionsin the metal below as well (see simulation results below). We prepared Fe:FeOx nanolayers having 5, 10, 20, and 50 nm thickness, which differ in their transparency (Fig. 1A) , as well as 5 and 20 nm thin Al:AlOx and 10 nm
Cr:CrOx, V:VOx, and Ni:NiOx nanolayers. Nanolayers were deposited onto 3 x 1 in 2 as well as 3 x 9 inch 2 glass microscope slides. The small slides were placed into a small
Teflon cell containing a flow channel (6 mm x 7.5 mm x 35 mm) Viton-sealed to the metal nanolayers (Fig. 1B) . The large slides were covered with a 1 mm thick silicone sheet into which a 180 mm x 15.2 mm wide opening was cut (SI Appendix, Fig. S1 ) that was then covered by a 1 x 3 x 8 in 3 Kalrez block containing an in-and outlet fitting (NPT) to connect to a dual pump flow system and waste. After layering a second silicone sheet and a plexiglass cover on top, this large cell was sealed using large-area mechanical clamps.
Aqueous solutions consisted of deionized water containing varying amounts of NaCl, equilibrated with ambient air, thus reaching a pH of 5.8. For higher salt concentrations up to 2 M, we adjusted the pH to 8, given the relevance to ocean water and brine. "Instant Ocean" was used as well. Second harmonic generation c When flowing water of alternating salinity at 20 mL min -1 across a ~10 nm thin
Fe:FeOx nanolayer in the small cell, currents of ~0.2 µA ( Fig. 2A) and voltages in the mV range are recorded. Currents approaching 1 µA are obtained in the large cell (Fig.   2B , note that the ionic strength gradient in the large cell is about ten times larger than that of the small cell, vide infra). When periodically alternating the direction of aqueous flow at constant ionic strength and constant flow rate in the large cell, current is generated as well (Fig. 2C) , albeit in an asymmetric I vs t pattern attributed to the differences in inlet vs outlet size in the flow cell used. Current is also generated when alternating aqueous solutions of 600 mM NaCl with air (SI Appendix, To gain a mechanistic understanding of current generation in the metal nanolayers, we carried out a series of experiments, as described next. Given the results with the six different systems described in Fig. 3A (Fig. 3D ).
Taken together, the data shown in Fig. 3A -D provide evidence that intra-oxide electron transfer between M m+ and M n+ contributes to the current generation to a larger extent than would be expected from image charge formation alone in metal layers terminated by a redox inactive thermal oxide. Moreover, we expect that current generation can be further optimized by varying the nature and thickness of the metal and metal oxide layers in mixed metal architectures, alloys, or patterned nanolayers.
Our experiments additionally support the notion that surface charging of the metal oxide surface is an important part of the current generating mechanism in the metal nanolayers reported here. To explore this hypothesis, we recorded the electrical current as a function of the change in surface potential that occurs when changing the ionic strength from low to high salt concentration. To do so, we measured the current while changing the ionic strength from a given low salt concentration, say 0.1 mM, to 1 mM salt for several cycles, and then repeated those measurements for increasingly higher salt concentrations, each time starting at 0.1 mM (Fig. 3C) . The largest currents are induced when the ionic strength difference is largest for each system studied. We then used experimental surface charge density estimates from second harmonic generation c (3) measurements (9, 11) to compute the change in Gouy-Chapman surface potential at the oxide/water interface for each ionic strength difference. Fig. 3D shows that the slopes in these "Tafel" plots are 110 (+/-20) V -1 for the Fe:FeOx system.
The Al:AlOx system, which is redox inactive under the conditions of our experiments, shows a slope of 7 (+/-2) V -1 for all Gouy-Chapman surface potential differences surveyed except the highest, underscoring the large differences between the surface charging of the Al:AlOx and Fe:FeOx nanolayers.
Zooming out, Fig. 4 offers the following phenomenological interpretation of our findings, followed by a detailed microscopic investigation below. At the pH values used here (5.8 for low and 8.0 for high-salinity water), the water:oxide interfaces we investigate are charged (9, (12) (13) (14) (15) (16) (17) . The electrostatic potential reaches not only into the aqueous solution but also into the oxide (18, 19) , depending on the local dielectric properties (20) . Thus, if the oxide nano-overlayer is thin enough, the electrostatic potential extends beyond it to polarize the underlying metal, similar to metal atom charging on ultrathin oxides by underlying metals (21) The system presented here differs in several aspects from recent demonstrations of flow-induced power generation. First, our experiments are consistent with a mechanism for electrical current generation that involves redox activity in the metal oxide layer, which is reported here for the first time. Second, the all-inorganic devices described here consist of metal nanolayers formed on a given support in a single step over arbitrarily large areas using an electron beam deposition apparatus. Upon exposure to ambient air, an oxide nano-overlayer forms spontaneously and then selfterminates after ~3 to ~5 nm, depending on the thickness of the underlying metal nanolayer. The high purity of the metal nanolayer prevents further growth of the oxide nano-overlayer, resulting in a stable structure. Third, the amphoterism of the thermal oxide nano-overlayer is critical to EDL gradient, or "gate", formation as solutions move across the liquid:solid interface. Fourth, the thickness of the metal nanolayer needed to produce current (Fig. 3C ) is comparable to the mean free path of the electrons in it (26), engendering a propensity for charge motion parallel to as opposed to away from the interface. Fifth, the starting materials, a suitable support and a standard-purity metal source (Fe, Ni, V, Al, Cr etc.), are inexpensive, costing ~$1 to $2 g -1 .
To probe the charge fluctuations in the metal:metal oxide (M:MOx) nanolayer in the presence of moving ions, calculations were performed using an all-atom molecular dynamics (MD, see SI Apendix Note 2 and SI Appendix Table S1) printing. Despite these exciting possibilities, we caution that the underlying mechanism needs to be further investigated, for instance, by specifically following the charge carrier motion in real time and space.
Methods. The nm-thin iron layers and their oxide nano-overlayers were prepared on glass microscope slides (VWR) and characterized as described in our previous work (9, 28) . We used computer controlled multi-channel Ismatec peristaltic pumps (ISM4408).
Aqueous solutions were prepared from NaCl (Sigma-Aldrich) in Millipore water adjusted to pH 7, or equilibrated with ambient air to pH 5. 
